The subcellular localization of central
Abstract
The subcellular localization of central-type benzodiazepine receptors in bovine cerebral cortex, cerebellum, hippocampus, and corpus striatum has been studied. In all regions except for the corpus striatum, benzodiazepine receptors are most highly enriched in purified postsynaptic densities (PSDs) prepared by Triton X-lOO/hypotonic lysis of purified synaptosomal plasma membranes. (SDS-PAGE) and fluorography. The PSD benzodiazepine-binding protein is identical in molecular weight to the binding protein from whole brain; partial tryptic and cr-chymotryptic fingerprints are also very similar in PSDs and whole brain.
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* To whom correspondence and reprint requests should be addressed, at Department of Neuroscience, Johns Hopkins University School of Medicine, 725 North Wolfe Street, Baltimore, MD 21205. et al., 1982b) . Certain non-benzodiazepine drugs such as the triazolopyridazine anxiolytic CL-218,872 and several alkyl /3-carboline 3-carboxylates appear to differentiate two benzodiazepine receptors in equilibrium radioligand binding studies (Nielsen and Braestrup, 1980; Lippa et al., 1982a, b) . In the classification scheme proposed by Squires et al. (1979) benzodiazepine receptors are subdivided into two populations, termed "type I(( and "type 1111 based on their affinity (high and low, respectively) for the triazolopyridazine CL-218,872. Other studies suggest that alkyl P-carboline 3carboxylates also display a higher affinity for type I than for type II benzodiazepine receptors (Nielsen and Braestrup, 1980) . Apparent type I and type II receptor populations can be physically separated by differential solubilization of crude brain membranes (Lo et al., 1982a, b) . Extraction of crude (rat or bovine) brain membranes with 1% Triton X-100 (Lo et al., 1982a) or 2% sodium cholate (Lo et al., 1982b) yields a soluble receptor preparation enriched in type II receptors, whereas detergent-resistant type I receptors remain in the pellet. Further extraction of the pellet with detergent/l M NaCl can extract the type I receptor population. These results suggest that type I benzodiazepine receptors might be preferentially associated with some component of the neuronal cytoskeleton insoluble in nondenaturing detergents and that the type I and type II receptors might thus possess different intracellular localizations. Quantitative autoradiographic studies of benzodiazepine receptors in the rat substantia nigra following striatonigral denervation indicate that type II receptors are localized to the axons and terminals of the striatonigral pathway, whereas type I sites are postsynaptic (Lo et al., 1983) . To obtain more direct information concerning the intracellular localization of the two apparent benzodiazepine receptor subpopulations, we now report a detailed analysis of the subcellular distribution of benzodiazepine receptors in bovine brain and show an enrichment of type I receptors in postsynaptic densities (PSDs). fractionation. The subcellular fractionation procedure utilized was essentially that described by Cohen et al. (1977) for the preparation of PSDs from canine cerebral cortex, with minor modifications.
This procedure was selected because the morphology, biochemical composition, and purity of the resulting PSDs have been extensively characterized (Blomberg et al., 1977) .
Bovine brains were obtained from a local slaughterhouse. After stripping the meninges and dissecting appropriate regions, the tissue was homogenized in 4 vol of ice-cold solution A (0.32 M sucrose containing 1 mM NaHC03, 1 mM MgQ, and 0.5 mM CaCl*) by 12 strokes of a motor-driven Teflon-glass homogenizer (0.25 mm clearance). Solution A was added to the homogenate to give a final tissue concentration of 10 ml/gm of original wet weight. The homogenate was centrifuged 10 min at 1,500 x g and the (1951) . Protein was detected by the silver staining procedure of Wray et al. (1981) . Lane contents were: (7) standard marker proterns (molecular werghts, X 103); (2) whole bovine cortex; (3) crude nuclear fraction; (4) crude PZ fraction; (5) crude myelin fraction; (6) crude synaptosomal fraction; (7) crude mitochondrial fraction; (8) PSD fraction; (9) standard marker proteins. Optionally, to Increase the yield of the various "crude myelin fraction," material settling at the 1 .O M and 1.2 M interface was subcellular fractions, the resulting pellet was resuspended to 10 ml/gm In termed the "crude synaptosomal fraction," and material pelleting was termed solution A and centrifuged as before, and the supernatants from this and the the "crude mitochondrial fraction." Very little material settled at the 0.85 M/ previous centnfugation were combined. The supernatants were centrifuged 1 .O M interface and this was frequently not collected; when collected, it was 20 min at 48,000 x g and the resulting pellet (termed "crude P2 pellet") was termed the "crude Golgi/endoplasmic reticulum fraction."
The various fracresuspended in 2 vol (based on original tissue P2 wet weight) of ice-cold tions were collected by diluting them in an equal volume of solution B and solution B (0.32 M sucrose containing 1 mM NaHC03) by 10 strokes of a centrifuging 20 min at 48,000 X g. To prepare purified PSDs, the pellet Teflon-glass homogenizer.
Fifteen milliliters of the homogenate were applied resulting from the crude synaptosomal fraction was resuspended by Teflonto a discontinuous gradient formed with 8 ml of 0.85 M sucrose in 1 X 3% glass homogenization in ice-cold 6 mM Tris-HCI (pH 8.0 at O'C) at a final inch polyallomer tubes. Gradients were centrifuged 2 hr at 100,000 x g in concentration of 1 gm of original wet weight/ml. An equal volume of ice-cold an SW 27 rotor (Polyallomer tubes and rotor were from Beckman Instruments, 1% Triton X-100 in distilled water was then added and the mixture was x g, the resulting pellet was resuspended at 1 gm of original wet weight/ml in ice-cold solution B, and 15 ml were applied to a second sucrose gradient formed with 8 ml of 2.0 M sucrose, 8 ml of 1.5 M sucrose, and 8 ml of 1 .O M sucrose. The gradients were centrifuged 2 hr (or overnight) at 100,000 x g in an SW 27 rotor. Most of the material applied to this gradient settled at the 1.5 ~/2.0 M interface and was termed the "PSD fraction." This fraction was collected by diluting the gradient fraction into two parts of solution B and centrifuging 30 min at 48,000 x g. The entire procedure required 12 to 24 hr, depending on the amount of material processed. 
Results

Morphological
and biochemical characteristics of PSDs from bovine brain. Representative electron micrographs of uranyl acetate/ lead citrate-stained thin sections through pellets of the PSD fraction are shown in Figure 1 . With any of the four bovine brain regions studied, the procedure described here provides fractions greatly enriched in structures with morphology characteristic of PSDs. The PSDs appear as electron-dense structures about 30 to 50 nm wide, somewhat thicker than a typical cell membrane, and about 200 to 600 nm long. The PSDs seem somewhat longer when prepared from bovine cortex or cerebellum than when prepared from bovine hippocampus or striatum, but this observation has not been pursued by detailed morphometric analysis. In many instances, PSDs appear to possess a highly curved profile, thought to represent instances where the PSD is viewed in cross-section (Cohen et al., 1977) ; this is well seen in Figure 1 b.
Analysis of PSD fractions from bovine cerebral cortex by SDS-PAGE with detection by silver staining reveals a fairly distinctive protein composition whose major protein constituent has an apparent M, of 51,000, a protein seleclvely associated with PSDs (Matus and Taff-Jones, 1978) (Fig. 2) . PSDs prepared from other bovine brain regions are also enriched in a 51 ,OOO-dalton peptide. Thus, PSDs isolated from various bovine brain regions appear comparable in morphology and protein composition to what others have reported (Cotman and Taylor, 1972; Cohen et al., 1977; Matus and Taff-Jones, 1978) .
Subcellular distribution of benzodiazepine receptors in bovine brain. Binding of the benzodiazepine antagonist [3H]Ro-15-1 788 was assayed under conditions where receptors are fully saturated, so that the B,, is directly measured (Table I) . Because the absolute number of benzodiazepine receptor sites varies from region to region in bovine brain, we have chosen to express the results in terms of the enrichment relative to the crude PZ pellet.
The subcellular distribution of benzodiazepine receptors varies considerably from brain region to brain region. In the cerebellum, cerebral cortex, and hippocampus, receptor binding is most enriched in PSD fractions.
Significantly greater enrichment of benzo- diazepine receptors occurs in cerebellar than in cerebral cortical PSDs (p < 0.02, two-tailed Student's t test), whereas cerebral cortical PSDs are more enriched in benzodiazepine receptors than in hippocampal or striatal PSDs (p < 0.001). Regional variations in benzodiazepine receptor enrichment in PSDs parallel regional variations in the proportion of type I receptors, namely, cerebellum > cerebral cortex > hippocampus > striatum (Asano et al., 1983; Trifiletti et al., 1984) .
Subtype distribution of benzodiazepme receptors. To evaluate receptor subtypes, we examined the inhibition of [3H]Ro-15-1788 binding by CL-218,872 in whole brain and PSD in cerebral cortex, hippocampus, and striatum (Fig. 3a) . (Fig. 3b) .
Regulation of PSD benzodiazepine receptor binding by GABA and chloride ion. GABA stimulates [3H]diazepam binding to both whole membranes and PSDs from bovine cerebellum and corpus striatum in a dose-dependent manner via a decrease in K. with no change in B,, (Table II, Fig. 4) . By contrast, chloride effects are different in crude membranes and PSDs. Chloride enhancement of [3H]diazepam binding, readily detected in crude membranes, is not apparent in PSDs from cerebellum or striatum.
Properties of the benzodiazepine-binding protein in bovine brain PSDs. We compared the native molecular weight of the [3H]FNZ photoaffinity-labeled protein from whole membranes and PSDs (Fig.  5) . A major band of apparent M, = 50,000 + 1,000 is labeled in each case. Other minor bands represent nonspecific photoincorporation unaffected by 10 PM FNZ which abolishes labeling of the major band.
It is possible that the native photolabeled species in crude brain membranes and PSDs differ in structure but have similar molecular weights. Recently, we described procedures to obtain reproducible partial proteolytic maps of [3H]FNZ photoaffinity-labeled benzodiazepine receptors (Trifiletti and Snyder, 1983) . Digestion of both crude membranes and PSD [3H]FNZ-photolabeled receptors with ttypsin and Lu-chymotrypsin yield patterns which, apart from kinetic differences, are identical (Fig. 5) . In both preparations trypsin cleaves the specifically photolabeled species into polypeptides of apparent M, = 45,000, 27,000, and 25,000, whereas a-chymotrypsin cleaves the 51 ,OOO-dalton native binding subunit into fragments of apparent I!J = 44,000, 27,000, and 24,000.
Solubilization of benzodiazepine receptors from PSDs. To assess possible interactions of benzodiazepine receptors with the PSD matrix, we have examined conditions under which benzodiazepine receptors may be detached from PSDs, utilizing various concentrations of NaCl and Triton X-100, alone or in combination, to extract [3H]Ro-1 5-l 788 binding activity from crude P2 membranes and PSDs from bovine cerebral cortex (Fig. 6) . Extraction of crude P2 membranes or PSDs with 50 mM Tris-citrate (pH 7.2) containing NaCl in concentrations up to 1 M does not appreciably extract activity. This suggests that interaction of benzodiazepine receptors with the PSD matrix is not dominated by simple ionic forces, which would be attenuated in high ionic strength media. Interestingly, the salt extraction reproducibly enhances the amount of benzodiazepine receptor binding in PSDs but not in crude PZ membranes. Such results would be expected if a tonic inhibitor of benzodiazepine binding were released from the PSDs by NaCl treatment. PSD benzodiazepine receptors appear more resistant to extraction with the non-ionic detergent Triton X-100 than receptors from the crude P2 pellet, there being little extraction at Triton X-l 00 concentrations up to 3% (w/v). However, binding activity can be fully recovered in the PSD pellet. Treatment of PSDs with 1% Triton X-l 00 containing various concentrations of NaCl extracts [3H]Ro-15-1788 binding activity from both crude P2 membranes and PSDs. Solubilization of benzodiazepine receptors from synaptosomal membranes by detergents other than Triton X-100. PSDs have been prepared using detergents other than Triton X-100. Detergents successfully used include sodium N-lauryl sarcosinate (Cotman and (Matus and Taff-Jones, 1978) . Matus and Taff-Jones (1978) systematically evaluated the morphology and protein composition of junctional structures produced by these detergents. We examined the ability of several detergents to solubilize receptors from cerebral synaptic membranes labeled by photoaffinity treatment with [3H]FNZ. With Triton X-100 only about 50% of the photolabeled receptors are extracted (Fig.  7) . By contrast, sodium deoxycholate and sodium N-lauryl sarcosinate extract photolabeled receptors more completely. Matus and Taff-Jones (1978) have shown that the latter two detergents act upon synaptosomal membranes to produce a PSD "scaffold" structure they termed the postsynaptic junctional lattice (PJL). These results suggest that benzodiazepine receptors are not associated with the PJL. Sodium cholate, which extracts protein and phospholipid from synaptosomal plasma membranes, but otherwise causes little alteration in synaptosomal morphology, also effectively extracts photolabeled receptor.
Discussion
The major finding of the present study is that type I benzodiazepine receptors in bovine brain are considerably enriched in a subcellular fraction with the morphological and biochemical characteristics of PSDs. Evidence for this conclusion includes the following. (Lo and Snyder, 1983) . The relationship of at least some GABA receptors and benzodiazepine receptors accords with the localization of [3H]muscimol-labeled GABA receptors in PSDs (Matus et al., 1981) . (5) The detergent solubility properties of benzodiazepine receptors in PSDs appear quite similar to those reported for type I receptors in crude brain membranes (Lo et al., 1982a, b) ; both PSD and type I benzodiazepine receptors resist detergent extraction but can be extracted by detergent containing high concentrations (20.2 M) of salt.
A localization of type I receptors to PSDs fits with autoradiographic evidence of their postsynaptic occurrence, at least in the striatonigral pathway (Lo et al., 1983) . The absence of type II receptors from PSDs and the readiness with which type II receptors are solubilized by detergent, on the other hand, agrees with autoradiographic evidence for a nerve terminal localization. The depletion of type II receptors in the rat substantia nigra following lesions of the descending striatonigral pathway had indicated a localization of type II receptors to terminals of this pathway (Lo et al., 1983) . Whether type II receptors have this type of localization in other areas is unclear. Type II receptors might even be associated with PSDs but may be detached from them during the detergent treatment used in PSD preparation. In preliminary experiments, we were unable to prepare PSDs without the use of detergents as reported recently (Ratner and Mahler, 1983) .
It is difficult to ascertain whether all type I receptors are associated with PSDs. The yield of PSDs in the subcellular fractionation employed is not readily quantified. The resistance to detergent extraction is a characteristic property of PSDs. The similar response to detergents of type I receptors and PSDs suggests that all type I receptors may be associated with PSDs.
The regulation of soluble type I (Lo and Snyder, 1983) and PSD benzodiazepine receptors appears similar; both are regulated by GABA but not by chloride ion. The lack of response to chloride ion might come from treatment with detergent. However, Type II benzodiazepine receptors solubilized by Triton X-100 preserve their regulation by chloride ion. Our finding that the [3H]FNZ-photolabeled receptors in PSDs and crude membranes possess similar native molecular weights, as well as partial tryptic and chymotryptic maps, strongly suggests that the benzodiazepine-binding protein in PSDs has an amino acid sequence similar to those in other intracellular structures. Of course, subtle structural differences such as single amino acid substitutions or post-translational modifications cannot be ruled out.
The response of [3H]FNZ-photolabeled synaptosomes to various detergents suggests that benzodiazepine receptors are not associated with the PJL as defined by Matus and Taff-Jones (1978) . In a previous study (Matus et al., 1981) [3H]muscimol-binding sites were also enriched in PSDs but absent from the PJL. As we have monitored photoaffinity-labeled receptors in this study, we have avoided the possibility of loss of activity in the preparation of the PJL.
